Acetylcholine in the neocortex is critical for executive function [1] [2] [3] . Degeneration of cholinergic neurons in aging and Alzheimer's dementia is commonly treated with cholinesterase inhibitors [4] [5] [6] [7] ; however, these are modestly effective and are associated with side effects that preclude effective dosing in many patients [8] . Electrical activation of the nucleus basalis (NB) of Meynert, the source of neocortical acetylcholine [9, 10] , provides a potential method of improving cholinergic activation [11, 12] . Here we tested whether NB stimulation would improve performance of a working memory task in a nonhuman primate model. Unexpectedly, intermittent stimulation proved to be most beneficial (60 pulses per second, for 20 s every minute), whereas continuous stimulation often impaired performance. Pharmacological experiments confirmed that the effects depended on cholinergic activation. Donepezil, a cholinesterase inhibitor, restored performance in animals impaired by continuous stimulation but did not improve performance further during intermittent stimulation. Intermittent stimulation was rendered ineffective by either nicotinic or muscarinic receptor antagonists. In the months after stimulation began, performance also improved in sessions without stimulation. Our results reveal that intermittent NB stimulation can improve working memory, a finding that has implications for restoring cognitive function in aging and Alzheimer's dementia.
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In Brief
Liu et al. show that an intermittent train of electrical stimulation in the nucleus basalis improves working memory in adult monkeys. The improvement depends on cholinergic receptors. The finding reveals a new mechanism to improve cognitive performance in conditions that compromise cholinergic action, including aging and Alzheimer's disease.
SUMMARY
Acetylcholine in the neocortex is critical for executive function [1] [2] [3] . Degeneration of cholinergic neurons in aging and Alzheimer's dementia is commonly treated with cholinesterase inhibitors [4] [5] [6] [7] ; however, these are modestly effective and are associated with side effects that preclude effective dosing in many patients [8] . Electrical activation of the nucleus basalis (NB) of Meynert, the source of neocortical acetylcholine [9, 10] , provides a potential method of improving cholinergic activation [11, 12] . Here we tested whether NB stimulation would improve performance of a working memory task in a nonhuman primate model. Unexpectedly, intermittent stimulation proved to be most beneficial (60 pulses per second, for 20 s every minute), whereas continuous stimulation often impaired performance. Pharmacological experiments confirmed that the effects depended on cholinergic activation. Donepezil, a cholinesterase inhibitor, restored performance in animals impaired by continuous stimulation but did not improve performance further during intermittent stimulation. Intermittent stimulation was rendered ineffective by either nicotinic or muscarinic receptor antagonists. In the months after stimulation began, performance also improved in sessions without stimulation. Our results reveal that intermittent NB stimulation can improve working memory, a finding that has implications for restoring cognitive function in aging and Alzheimer's dementia.
RESULTS AND DISCUSSION
Five adult Rhesus monkeys were trained with a delayed matchto-sample task, requiring them to remember a stimulus presented on a touch screen and, after a delay period, to select the stimulus that was initially presented (Figure 1 ). Once the animals were proficient with the task, they were implanted bilaterally with NB stimulation electrodes. Placement and anatomical verification are described in STAR Methods. The zone of stimulation was broad, on the order of a 4-mm-diameter sphere [15] , and the accuracy of placement of the electrode tip within the nucleus was not critical in this experiment. Experiments in the first two animals (K and S) primarily guided proper positioning of stimulation leads in the next three (CH, DI, and PU). No histological confirmation of electrode placement occurred in these three animals, and electrode positioning is presumptive based on stereotaxic targeting.
Effects of Electrical Stimulation Parameters
We initially tested the hypothesis that NB stimulation improves working memory performance by applying a continuous train of stimulation pulses in blocks of 100 trials interleaved with blocks of 100 trials without stimulation. Contrary to our expectations, we found that continuous stimulation always impaired performance, and effects were larger at higher stimulation rates ( Figure 2A ). Results for continuous stimulation at 80 Hz reached statistical significance (binomial tests; animal CH: n = 800 trials, p < 0.0001; animal DI: n = 1000, p < 0.001).
In an effort to determine whether stimulation during a particular interval of the task was disrupting working memory, the task was altered to stimulate only during the inter-trial period or to stimulate only during trials. Unexpectedly, either condition resulted in supranormal performance. We established an intermittent stimulation condition that provided 20 s of pulses at a rate of 60 per second followed by 40 s without pulses. Results from this condition are shown in Figure 2B . Trials with stimulation resulted in better performance than trials with no stimulation in the animals tested (binomial test, n = 1000, p < 0.01). Note that a longer delay period was used in Figure 2B than in Figure 2A to avoid ceiling effects. We conclude that intermittent stimulation results in supranormal working memory performance.
We explored the parameters for optimal stimulation in two ways. First, the number of pulses per minute was fixed, and the duration and rate of stimulation were altered. The 1,200 pulses per minute were delivered in 10 s (i.e., at a rate of 120 Hz), 20 s, 40 s, or 60 s. Results are shown in Figure 2C for animals CH and DI. A two-way ANOVA found a significant effect of these conditions on performance (test for animal number and condition, F(4,4) = 12.92 for main effect of condition, p < 0.02; F(1,4) = 1.48 for main effect of animal, p > 0.2). Post hoc comparisons showed that performance was significantly better at the 10 or 20 s period than the 60 s condition of continuous stimulation (binomial statistic, $1,050 trials for each condition, Bonferroni-corrected p < 0.005).
In a second experiment, the rate of stimulation was fixed at 80 pulses per second but the duration was varied to 10 s, 20 s, 40 s, or 60 s per minute ( Figure 2D ). A two-way ANOVA found a significant effect of condition and animal (F(1,4) = 15.09 for animal, p < 0.02; F(4,4) = 8.48 for condition, p < 0.04). The highest performance occurred for the 20 s stimulation condition, which was significantly better than the 60 s stimulation in post hoc tests (binomial statistic, $1,350 trials each, Bonferroni-corrected p < 0.005). The significant ANOVA finding on the animal variable occurred as animal CH averaged higher performance in the 80 Hz stimulation conditions than animal DI. These parametric tests revealed that the condition of 1,200 pulses being delivered 15-20 s per minute was optimal within the parameters tested.
The effect of intermittent stimulation across varying delay periods can be seen in Figures 2E and 2F . The performance change, expressed as change in percent correct, was larger for longer delays, up to 5% improvement, than for shorter delays. However, the variability of the measure is a function of the percent correct, and if the percent correct is closer to 100, the variance is lower. To enable a fair comparison of the perfor- (A) Macaque monkeys were trained to interact with a touchscreen. The first step in the task is touching the cue. (B) After the cue is touched, the screen blanks during the delay period, followed by presentation of two potential matches. Three colors were used in training, and two were randomly selected as cue/match and distractor on each trial. (C) Stimulation of the nucleus basalis (NB) of Meynert was used in experimental sessions. The position of the nucleus is shown by the dotted yellow rectangle, with the curved arrows approximating the pathways from the nucleus to neocortices [13] mance change caused by stimulation as a function of delay length, we converted these percent change differences to changes in signal size using the signal detection theory metric d' (see STAR Methods), which measured how far above the noise the signal size, or memory, rose. This metric inferred the signal size from the behavioral responses, and it was normalized by the noise standard deviation. Using either signal detectability metrics or percent correct, no statistically significant changes in stimulation effect were found as a function of delay length using ANOVAs (p > 0.1). Stimulation improved performance across the entire working memory delay curve, and the change in d' ranged from 0.13 to 0.39, with an average at the longest delay of 0.16. Alternately, if the animals were at zero delay and 96% correct, improvements were 1.4%-1.7%, while at longer delays animals improved 3.6%-4% above 75%. Changes of this magnitude reached statistical significance in two to four behavioral sessions.
Insight into the speed with which these effects occurred after stimulation began was determined by analyzing the performance shortly after a condition change. If effects appeared slowly, then performance shortly after stimulation began should be lower than performance later in the trial block. Similarly, if the effects decreased slowly once stimulation stopped, the no-stimulation blocks should have had lower performance later in the block. Performance compared to trial position in the block is shown in Figures S3A and S3B for continuous and intermittent stimulation. No significant trends based on position within the blocks were found, which indicated that effects occurred in less than 3 min, which was the average time to complete ten trials.
The Interactions of Stimulation Effects with Cholinergic Pharmacology
To test the hypothesis that the improvement of working memory performance after intermittent stimulation depended on cholinergic pathways, stimulation was delivered with and without the cholinesterase inhibitor Donepezil. When the Donepezil dose was combined with intermittent stimulation, performance was no different from Donepezil alone, or stimulation alone, as shown in Figure 3A . The impact of combining Donepezil with 80 pulses per second continuous stimulation is shown on the right in Figure 3A . Continuous stimulation significantly impaired performance, but Donepezil reversed this impairment and resulted in supranormal performance. In Figure 3A , all comparisons relative to the control condition were significant (binomial test, n > 3,000 for each condition, p < 0.005 each). The result suggested that intermittent stimulation achieved a ceiling effect on cholinergic pathways. It also suggested that continuous stimulation degraded behavior by decreasing acetylcholine levels.
A further test of the cholinergic basis of effects was conducted using acetylcholine receptor antagonists. Mecamylamine was used to block nicotinic acetylcholine receptors in one set of experiments, and scopolamine was used to block muscarinic acetylcholine receptors in the second set of experiments. In either case ( Figure 3B ), intermittent stimulation did not improve performance (p > 0.1). The result suggested that both receptor subtypes were necessary for the performance increase caused by intermittent stimulation. As shown in Figure 3C , administration of mecamylamine and scopolamine alone reproduced known effects [16, 17] . Scopolamine impaired working memory (binomial test, n = 550, p < 0.001). Mecamylamine, at the dose tested, improved working memory (binomial test, n = 2,700, p < 0.001).
Donepezil is reported to cause side effects including nausea, which limits its clinical efficacy in some patients [8, 18, 19] . We plotted food consumption of the animals under control conditions, days in which intermittent stimulation was delivered in blocks, and days in which Donepezil was given. The results (Figure 3D) showed a significant effect of condition (unbalanced ANOVA; F(2,56) = 3.4 for condition, p = 0.04; F(1,56) = 1.85 for animal, p = 0.179). Post hoc testing found that monkeys consumed less food on days in which Donepezil was given relative to days in which stimulation was given (t test, t = 2.81, df = 35, p < 0.009).
The reaction times of animals CH and DI to the cue and match are shown in Figure S4 . These reaction times were measured in the same data shown in Figures 2E and 2F. Under no conditions were there significant effects of stimulation on reaction times (paired t tests, p > 0.1 for all), which argued against stimulation causing a general effect on arousal or alertness.
Prior work stimulating NB in anesthetized animals has demonstrated consistent spectrum shifts of cortical electroencephalogram (EEG) recordings [20] [21] [22] [23] . The low-frequency portions of the EEG, under 12 Hz, tend to decrease in energy, or desynchronize, while the higher-frequency gamma range increases under some experimental conditions. We recorded the subcortical local field potential (LFP), via the stimulating electrode, immediately before and after stimulation during periods of intermittent and continuous stimulation in the awake animal. As shown in Figures 
Long-Term Changes Caused by Stimulation
Unexpected improvements in working memory performance were observed in the three animals that were tested with stimulation of NB for months. In each animal, the delay interval was adjusted to maintain performance between 75% and 80%. The first indication of this change is shown in Figure 4A , in animal CH. The working memory delay duration had been increased from 6 s to 30 s over 9 weeks. Animal CH was improving shortly before stimulation was introduced, so further improvement could have been caused by a long-term stimulation effect or a continuation of an improvement trend.
Figures 2E and 2F give a chance to convert stimulation effects into equivalent changes in delay length. If the working memory delay chosen caused an animal to perform close to 75% correct, and the delay were halved, performance would have increased 5%-6%. This increase is slightly larger than the impact of intermittent stimulation shown in Figure 2B . A 5-fold decrease in the length of the delay period corresponds to a 12%-14% increase in percent correct. In signal-detection terms, a 14% increase in performance, from 75% to 89%, corresponds to a d' change of 0.78, which is 4.9 times greater than the average acute d' change caused by stimulation at long delays in Figures 2E and 2F .
Animal DI was allowed to reach asymptotic performance in the absence of stimulation for a longer period, and performance was stable over 11 weeks with a working memory delay of 2-3 s. Over the ensuing 5 months, the working memory delay increased from 3 s to 10 s, which is shown in Figure 4B . Under the null hypothesis that working memory ability was stable, this change was highly significant (binomial model, see STAR Methods, p < 10 À5 ). Animal PU ( Figure 4C ) performed the task for 17 weeks prior to initiating stimulation. Its performance was stable in this pre-stimulation period. In the following 7 weeks, the 1.5 s delay increased to 8 s, more than 5-fold, which again was significant (p < 10 À5 ). The results from animals DI and PU showed that stimulation increased working memory duration. All of the performance data used in this analysis were collected under control conditions, i.e., without the acute boost in performance shown in Figure 2B . For all data shown in Figure 4 , the stimulation delivered in the several-month-long period of stimulation was mixed while the experiments of Figures 2, 3 , and 4 were conducted.
DISCUSSION
The delayed match-to-sample task was used because it is a well-studied test of executive function in the nonhuman primate [24] . It embodies several mnemonic processes that are critical to human cognition, including attention, stimulus discrimination, encoding, and memory for recent events [25] . The task is sensitive to cholinergic modulation, as indicated by its enhancement by cholinesterase inhibitors [26, 27] , and to cholinergic receptor agonists [28, 29] , and it is sensitive to impairments of performance by cholinergic antagonists [17, 30] . Intermittent stimulation of NB led to short-term improvement in the task, whereas continuous stimulation suppressed performance. Pharmacological administration of cholinesterase inhibitors and acetylcholine receptor blockers demonstrated that the effects occur through modulation of acetylcholine levels and require activation of both classes of acetylcholine receptors. Unlike cholinesterase inhibitors, appetite is not suppressed by cholinergic modulation through deep brain stimulation. Even though stimulation was delivered in varied amounts each week, each of three animals increased their working memory delay duration 3-to 5-fold in the months after stimulation began. Two of those animals had extended periods of stable task performance before stimulation began. Future work may address the specificity of these effects, because working memory only comprises one component of executive function. A major unexpected finding in this study is the form of stimulation that produced optimal results: 60 pulses per second delivered for 20 s and followed by 40 s without stimulation. Deep brain stimulation's mechanisms have been a subject of debate [31] . Locally, a depolarization block and possibly activation of local inhibitory circuits dominates to prevent somatic activation, whereas recording and imaging evidence suggests that axonal efferent outflow is activated by each stimulation pulse. Accordingly, the NB axons should be activated each time a pulse is delivered. Why the intermittent pattern results in more cortical acetylcholine, as inferred from pharmacological experiments, than continuous stimulation is an obvious question for subsequent studies. We speculate that intermittent, not continuous, neuronal stimulation results in higher levels of acetylcholine synthesis and release. The rate-limiting step in acetylcholine synthesis is the uptake of choline from the synaptic cleft via the high-affinity choline transporter hCHT [32] . Before release, the proton-exchanging acetylcholine transporter VAChT brings more acetylcholine into the vesicle, and the high-affinity choline transporter, which would transport choline to the cytosol, is turned off by the low vesicular pH [33, 34] . After release, the vesicular membrane becomes part of the cell membrane, and the decreased proton concentrations turn the acetylcholine transporter off and the choline transporter on. If frequent vesicular release from high-frequency stimulation alters post-release activation of the high-affinity choline transporter by changing local pH, overall acetylcholine synthesis and release could be reduced.
A similar curiosity is that the stimulation does not have any temporal relation to the behavioral task or to known cholinergic kinetics other than the recycle time [35, 36] . Donepezil's effects on behavioral performance are arguably boosting the efficacy after normal cholinergic release, which would preserve the normal temporal function of acetylcholine [26] . However, some experiments with subtype-selective agonists also improve working memory function [37] [38] [39] , and these would similarly lack any temporal specificity. Improvement in cognition from cholinergic system activation could be caused by cholinergic modulation of neurons or by cholinergic-induced increases in blood flow, and these mechanisms are not mutually exclusive. In the neocortex, cholinergic activation of neurons leads to increased thalamic input into layer IV while suppressing other cortical inputs [40, 41] . This, at least partly, explains how the activation of the cholinergic system desynchronizes the EEG and local field potential ( Figure S2 ), which was also reported by previous studies [21, 22, 42, 43] . The coupling of desynchronization to behavioral improvements suggests that direct cholinergic modulation of neurons improves the behavior.
At the same time, we cannot exclude the possibility that indirect mechanisms such as increases of blood flow played a role in the improved cognitive performance. In the brain, acetylcholine is acting on both neurons and glia adjacent to blood vessels [44, 45] . Cholinesterase inhibitors in humans cause an increase of 10%-15% in cerebral blood flow [46] , and this blood flow is typically reduced in Alzheimer's patients [47] [48] [49] . Reductions in cerebral blood flow likely contribute to the cognitive impairments [50] . Future work may shed light on the relative contributions of neural modulation and blood flow regulation in these effects, as well as on the question of their independence.
The long-term effects observed indicate that working memory duration is increased 3-to 5-fold in each of three animals tested over periods of up to 5 months. The changes even occurred after long stable performance periods prior to stimulation. These results suggest that cholinergic modulation combined with executive function behavior causes brain plasticity to support behavioral improvements. Prior work has associated phasic stimulation of NB with neural plasticity in the sensory cortex [20, 22, 51] .
Several clinical trials have been conducted on deep brain stimulation of cholinergic pathways [52, 53] . None have found consistent cognitive improvement using continuous stimulation. Similarly, animal work with continuous stimulation finds weak to no effects on learning and memory [11] . We measured analogous effects using continuous stimulation, which also suggest that high-frequency continuous stimulation suppresses acetylcholine levels. Our data show that making the stimulation intermittent is critical to turning cognitive suppression into cognitive enhancement. Animals had stronger appetites while receiving stimulation than while receiving Donepezil. The use of the intermittent stimulation parameters outlined in this work reach efficacies as high as those of high doses of cholinesterase inhibitors without peripheral side effects and point toward new candidates for therapeutic treatment of Alzheimer's dementia.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Model
Five rhesus monkeys (Macaca mulatta) were used in this study. Two initial animals (K and S) were used to optimize the placing of the stimulation electrodes. These were a 7 years old male and a 12 years old female weighing 7 and 6 kg. The three subsequent animals (animals CH, DI, and PU), used for data in Figures 2-4 , were male, 6 years old and weighed 8 À11 kg. The monkeys were pair-housed in 12-h light/dark cycle rooms. All monkeys were task naive at the start of the experiments. All animals were chaired during task performance, with one arm restrained to both establish consistency in the arm used to perform the task, and to prevent spinning in the primate chair. Animals were not head fixed during task performance. All animal studies comply with the Guide for the Care and Use of Animals, 8th Edition, and were approved by the IACUC at Augusta University.
METHOD DETAILS
Behavioral Task All behavioral software was based on prior work [28] , and available from PBTLI Prime Behavior Testing Laboratories, Inc, http://www. pbtli.com/, Augusta, GA. The behavioral task, shown in Figure 1 , initiated with a colored square cue in the center-top part of the touchscreen. After the animal touched the square, the cue disappeared, and the screen remained blank for the delay period. In the match phase, two colored squares were presented in the lower right, and lower left, of the touchscreen. One of the two squares, randomized in location, had the same color as the cue square. Correctly touching the target square resulted in delivery of food slurry reward, while incorrect responses resulted in doubling the inter trial period as a brief timeout. The animal reaction times were not strongly constrained. Animals had 10 s to make a response. Percent correct and reaction times were recorded. Animals required several months of daily training to achieve stable performance at the task. Three colors (red, blue and yellow) were used. In each trial, two were randomly chosen as cue/match, and as the distractor.
Dates of data collection for each animal for each figure. 
Surgery and Deep Brain Stimulation
Surgery was performed in a sterile surgical suite under isoflurane anesthesia monitored by a clinical veterinarian. Stereotaxic measurements were made to target implantation. In our first two animals, targeting was 8mm lateral, 12 and 14 mm anterior interaural respectively, and 29 mm below the cortical surface in a vertical penetration. The final three animals were implanted at 16 mm anterior interaural with the same lateral and depth coordinates. The final lateral and anterior coordinates, and depth, were chosen to correspond to the center of the anterior portion of the Nucleus Basalis of Meynert, which would contain the highest density of projections to the prefrontal cortex [10, 54, 55] . At the targeted brain position, the stimulation region, which is estimated to be a 4 mm diameter sphere [31] , should include the Nucleus Basalis of Meynert as well as portions of the anterior amygdala including the central nucleus, the anterior commissure, and the inferior internal globus pallidus [56] . A skin flap was performed, and two holes were drilled above the location of each implant. A small cylindrical titanium chamber (5-mm inner diameter and 7-mm outer) was mounted on the cranium and the skin was sutured into place leaving the chamber exposed. A 26 ga. hypodermic guide tube was lowered and the tip advanced 5 mm below the dura mater. The electrode was inserted into the guide tube, and a stylus was used to push it to the appropriate depth. The use of the guide tube and stylus followed published methods [57, 58] , which are analogous to methods used in human neurosurgical deep brain electrode implantation. The guide tube was then raised while the stylus depth maintained. The chamber was evacuated of fluid, flushed with ceftriaxone, and thereafter fluid evacuated a second time. Silicone was poured into the chamber to seal the fenestrations in the skull and the inside of the chamber. The electrode was fixed in depth with a drop of cyanoacrylate, and its rear wire was stripped and soldered to a connector that was fixed on the chamber outer wall. One week after the surgery, the animals returned to behavioral studies. The stimulation pulses were created by a multiple functional I/O device (USB-6211, National Instruments, Austin, TX), which was controlled by a custom programed software. Impedances of electrodes were checked daily prior to each behavioral session so that stimulation voltages could be tailored to deliver the appropriate currents (200 mA). Continuous stimulation was performed from 20 pulses per second to 120. Intermittent stimulation was initially applied at 60 pulses per second only in-between trials, or only during trials, which were roughly 3 and 5 s periods. Thereafter, experiments standardized on intermittent stimulation using a one-minute cycle length, and stimulation for 20 s at 60 pulses per second, followed by 40 s with no stimulation. In these one-minute cycle stimulation experiments, no attempt was made to synchronize the stimulation with the behavioral trials.
Electrodes were custom manufactured in our laboratory based on published specifications [57, 58] . Conductors were 50 mm Pt/Ir, Teflon-insulated wire (A-M systems, Seattle, WA) embedded within a 30 ga. hypodermic tube, which was encased in a 28 ga. polyimide sheath. The wire extended from the end of the sheath into the brain tissue by roughly 1 mm, and the last 0.7 mm of insulation was stripped to achieve impedances of 5-10 kOhm at 1 kHz. The far end of the electrode was soldered to an extracranial connector fixed on the chamber outer wall. Preliminary experiments on electrode placement in the two pilot animals tested the effects of short periods of stimulation on EEG desynchronization. Stimulation was delivered with biphasic, negative first, unipolar 200 mA pulses with 100 mS per phase, and 10 pulses were delivered in 100 msec. Under anesthesia, this resulted in EEG desynchronization when averaged over 10 trials when the electrode was at a depth corresponding to the atlas position of Nucleus Basalis. EEG was recorded with 3 1000 gain from two bone screws at the same M-L position, with one near vertex, and one lateralized. An electrode movement vertically in either direction of more than 1 mm was adequate to make desynchronization not possible using the same protocol. After our second pilot animal, we determined the depth for our A-P and M-L coordinates was 29 mm below the cortical surface. We further recovered our electrode track from our second pilot animal, shown in Figure S1 . It was implanted 2 mm more caudally than the electrodes from the three monkeys presented in the results. The tip of the electrode was centered 1 mm medial to Nucleus Basalis at 14 mm anterior interaural. After our pilot animals, we implanted to the same depth in all animals, and 2 mm more rostrally, for the current study, and measured LFP desynchronization in the awake animals using the stimulation electrode as the positive lead ( Figure S2 ).
In these first two pilot animals, we frequently moved electrodes vertically to new positions. At this point in the study, we understood that the electrode depth at which EEG desynchronization occurred after brief phasic stimulation precisely matched that at which 80 Hz continuous stimulation resulted in significant performance decrements. The rear ends of the electrodes were always visible, protruding from the implanted titanium cylinder, which gave an absolute depth measurement.
Pharmacology and Stimulation Studies Administration
We used donepezil, mecamylamine and scopolamine (Sigma-Aldrich, St. Louis, MO) in this study. The drugs were dissolved in a 0.5 cc saline vehicle to an amount specified by the experiments (donepezil: 200 mg/kg, mecamylamine: 300 mg/kg and scopolamine: 6.2 mg/kg). Donepezil was given via I.M. administration 15 min before behavior testing on the mornings in which data was collected. The rationale for the doses selected for Donepezil was based on previous behavioral and functional brain imaging data (dose range 50-250 mg/kg) in rhesus monkeys [27, 59] . Data from days without donepezil were at least 72 hr after the last administration. Doses higher than 200 mg/kg could not be used in this study, as the animals administered these doses refused to engage in behavioral trials for food reward. Nausea is a well-known, clinical side effect of the drug in humans. Each week, control performance was evaluated. Then, performances under the intermittent stimulation alone, donepezil alone, and donepezil+stimulation were evaluated on successive days. Similar weekly plans were used for continuous stimulation, and mecamylamine (300 mg/kg) and scopolamine (6.2 mg/kg) testing. This weekly testing schedule was chosen over an intraday comparison because an intraday design would compare drug versus no-drug conditions at different times, and with different appetitive motivations. The recovery test sessions from drug were recorded 72 hr after drug application. The doses of mecamylamine and scopolamine used in this study refer to previous publications [16, 30] . Initial deep brain stimulation studies, shown in Figures 2A and 2B , provided stimulation in blocks. For continuous stimulation, 100 trials without stimulation were interleaved with 100 trials with stimulation. For intermittent stimulation, blocks were 50 trials. For Figures 2C and 2D , all stimulation conditions were executed randomly block by block and interleaved with each other. Each block also contained 50 trials. For Figures 3A-3C , we collected animals' performance data in control conditions for 1-2 days first, then collected performance data after administering pharmacological agents. Drug and Stim+Drug conditions were interleaved with each other in blocks of 50 trials. The recording procedures for the pharmacology experiments were 2-3 times to improve statistical power. For Figures 2E , 2F, and S4, which includes performance at different delays with and without stimulation, we tested the animals' performance with interleaved blocks in control and stimulation conditions. In each block, variable delay times were pseudo-randomly chosen and arranged in the test sequence. Software was administered directly from PBTLI software while a second computer was used to generate stimulation pulses. Data for Figure 4 were selected from all available data in which no drug or stimulation condition occurred.
Delay times used in each experiment.
QUANTIFICATION AND STATISTICAL ANALYSIS d' Calculation
The signal detection theoretic d' is the salience of the target relative to the distractor as inferred from the animals' behavioral choices. In our two alternative forced choice framework, d' is calculated using only the percent correct with the MATLAB (Mathworks, Natick, MA) norminv function, as ffiffiffi 2 p Ã norminvðHit RateÞ [60, 61] . This metric measures the amount of the memory that is retained, on average. It assumes the memory can be measured in terms of a mean and a noise standard deviation. As time passes, that mean, or memory, regresses toward zero. The metric measures the magnitude, normalized by the noise standard deviation, of the mean at the end of the delay period. The following table details how d' relates to percent correct in the task. 
Binomial Statistical Model
We relied on a binomial statistic model to test if Nucleus Basalis stimulation, over weeks and months, produced long-term improvements in working memory that could be measured which resulted in ability to perform the task at high performance with a longer delay interval (Figure 4 ). Prior to stimulation, animals performed 3000 trials weekly at a performance level averaging 78% correct, with a delay interval ranging between 1.5-6 s for the three animals. For each animal, we asked what performance improvement would occur if the delay, at which performance level is 78% correct, were doubled? In each animal's delay curves, shown in Figures 2E and 2F , halving the delay would result in changes in percent correct of 5.4 and 5.1 percent. In other words, if we time scaled the graphs in Figures 2E and 2F to the same percentage correct at twice the delays, animal performance at the original delay would be predicted, based on the delay curves in Figures 2E and 2F , to increase by just over 5%. We conservatively rounded this percentage to a 5 percent change. Next, the two-tailed probabilities were calculated that a binomial process with a fraction correct of 0.78 over 3000 trials could result in more correct trials than a process with a fraction correct 5 percent higher or lower. This probability is less than 10 À5 . The implication of the binomial model is that if an animal performs at 78% correct for duration 2X, then it would be expected to perform at 83%, or higher, at duration X, and that this performance would be significantly better than its pre-stimulation performance of 78% at duration X.
DATA AND SOFTWARE AVAILABILITY
Data used to generate these figures are archived at http://dx.doi.org/10.6084/m9.figshare.5039153.
